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We propose and demonstrate a new physical platform for the realization of integrated photonic
memories, based on laser-written waveguides in rare-earth doped crystals. Using femto-second
laser micromachining, we fabricate waveguides in Pr3+:Y2SiO5 crystal. We demonstrate that the
waveguide inscription does not affect the coherence properties of the material and that the light
confinement in the waveguide increases the interaction with the active ions by a factor 6. We also
demonstrate that, analogously to the bulk crystals, we can operate the optical pumping proto-
cols necessary to prepare the population in atomic frequency combs, that we use to demonstrate
light storage in excited and spin states of the Praseodymium ions. Our results represent the first
realization of laser written waveguides in a Pr3+:Y2SiO5 crystal and the first implementation of
an integrated on-demand spin wave optical memory. They open new perspectives for integrated
quantum memories.
PACS numbers: 42.25.Kb, 42.50.Gy, 42.50.Md, 42.82.Bq
INTRODUCTION
Quantum memories (QMs) are important devices in
quantum information science. They provide an inter-
face between flying and stationary quantum bits and are
at the heart of several applications including quantum
information networks [1], quantum repeaters [2], linear
optics quantum computing [3], and multi-photon quan-
tum light sources [4]. Several QM demonstrations have
been reported recently in atomic and solid state systems
[2, 5, 6]. In order to progress towards large scale quan-
tum information architectures involving several QMs, it
is important to rely on devices that can be easily du-
plicated and integrated. This would facilitate the scal-
ability and the realization of complex optical circuitry
involving QMs. Furthermore, the tight light confinement
achieved in waveguide structures would lead to a strong
enhancement of the light matter interaction. Finally, the
integration of QMs with other required devices, such as
quantum light sources and single photon detectors, would
be greatly simplified. Solid state systems are well suited
for the exploration of integrated QMs, and in particular
rare-earth doped solids showed promising properties with
bulk crystals [2, 6].
Two approaches have been explored towards integrated
rare-earth QMs so far. The first one is to integrate
rare earths in already available systems for waveguides
[7, 8]. Quantum light storage has been performed in
a Ti4+:Tm3+:LiNbO3 waveguide fabricated by Ti
4+ in-
diffusion [9], where also more recently an integrated pro-
cessor has been implemented [10]. These demonstrations
were limited to the mapping of light field into optical
atomic excitations. Moveover, the LiNbO3 matrix, al-
though suitable for waveguide fabrication, degrades the
coherence properties of the rare-earth ions, which then
limits the storage performances, e.g. in terms of stor-
age times [9]. The second approach consists in realizing
waveguides in crystals already used for demonstrating
bulk QM and suitable for long term storage of quantum
information, e.g. Y2SiO5. Photonic crystal waveguides
and cavities have been fabricated in Nd3+:Y2SiO5 and
Er3+:Y2SiO5, using focused ion beam milling [11]. It
was shown that the coherence properties of the rare-earth
ions are preserved during the fabrication process, which
is very promising for quantum applications. This fabri-
cation technique is however challenging to extend to mm
long waveguides, which may be useful to achieve high
storage and retrieval efficiencies. Also, the ions used so
far possess only two-fold ground states, which restricts
the storage of light to the excited state, strongly limiting
the achievable storage times. In order to attain spin-state
storage, which enables long term storage and on demand-
read-out, ions with a three-fold ground state, such as
Eu3+ or Pr3+, should be used [12–15]. Pr3+:Y2SiO5
crystals are currently one of the best systems for quantum
memory applications. Very efficient storage of weak co-
herent states [16] has been demonstrated in this material,
as well as the longest storage time ever demonstrated in
any system, in the order of 1 minute for classical images
[17]. Recently the first demonstration of an on-demand
quantum memory for time-bin qubits [15] has been re-
ported using this crystal. The coherence properties of
devices based on TeO2 slab waveguides deposited on a
Pr3+:Y2SiO5 crystal have been measured to be consis-
tent with those of bulk ions [18], which is promising for
the implementation of integrated rare-earth based quan-
tum devices. Nevertheless, in such a system the active
ions are only evanescently coupled to the waveguide.
Here, we propose an alternative way to fabricate
2waveguides in Pr3+:Y2SiO5 using femtosecond laser mi-
cromachining (FLM), where the active ions are directly
coupled to the light. FLM demonstrated in the past two
decades to be a very powerful technology for the direct
inscription of high quality optical waveguides in the bulk
of both amorphous and crystalline transparent substrates
[19–22]. Several complex integrated photonic devices
have been developed with this technique, ranging from
all optical routers [23] and power dividers [24], to modu-
lators [25], and frequency converters [26, 27]. Moreover,
it has been shown that laser written waveguide circuits in
glass are suitable for supporting the propagation of pho-
tonic qubits [28], and represent a promising platform for
the development of the rapidly growing field of integrated
quantum photonics [29–31]. The class of materials where
waveguide writing with FLM has been demonstrated in-
cludes several rare-earth doped crystals, e.g. Nd:YAG,
Yb:YAG, Nd:YVO4 , and Pr:YLF among others, with
applications mainly oriented towards the realization of
integrated laser sources [32–35]. At the best of our knowl-
edge, FLM in Pr3+:Y2SiO5 crystals has never been re-
ported in the literature before, despite it would allow to
take advantage of the direct access to the active ions and
the exceptional performances as light storage medium.
In this paper, we demonstrate that the coherence prop-
erties of Pr3+ ions in fs-laser written waveguides are not
affected by the fabrication procedure. We show that the
light confinement in the waveguide improves significantly
the interaction with the active ions. Finally, we perform
storage and retrieval of light pulses using the atomic fre-
quency comb (AFC) protocol, both in the excited state
and spin-states, demonstrating the first on-demand inte-
grated optical memory.
EXPERIMENTAL SETUP AND FABRICATION
The substrate used is a Pr3+:Y2SiO5 bulk crystal (Sci-
entific Material), 10mm-long (along the crystal b-axis)
and with a concentration of active ions of 0.05%. Optical
waveguides are fabricated by FLM adopting the so-called
type II configuration [36], where the fs-laser irradiation
is used to directly inscribe into the substrate two closely
spaced damage tracks, in correspondence of which the
material locally expands and becomes amorphous. This
procedure gives rise to the formation of a stress field in
their proximity, which, in turn, causes a material refrac-
tive index alteration. By tailoring properly the irradi-
ation parameters and geometry, it is possible, with this
method, to obtain a light guiding region, with positive re-
fractive index change, localized between the two tracks.
It is worth to highlight that in type II waveguides the
core region (where most of the light remains confined) is
only marginally affected by the fabrication process, hence
preserving all its bulk properties. Single mode waveg-
uides for 606 nm light have been fabricated accordingly,
by inscribing pairs of damage tracks with a reciprocal
distance of 25 µm and buried 100 µm beneath the sam-
ple top surface. Each track is fabricated by focusing a
femtosecond laser beam (a home made Yb:KYW oscilla-
tor, λ=1030 nm, pulse duration τ=300 fs [37]) inside the
crystal volume, with optimized irradiation parameters:
energy per pulse of 570 nJ, repetition rate of 20 kHz,
uniform sample translation along the b-axis at the speed
of 57 µm/s. A microscope objective with 50x magnifica-
tion and 0.6 numerical aperture is used as focusing optics.
Note that, for higher laser repetition rates and equal en-
ergy deposited per unit volume (at a fixed pulse energy)
we observed the formation of periodic disruptions along
the damage tracks [38], which degrade the waveguide ho-
mogeneity and increase significantly the waveguide prop-
agation losses. During the fabrication, the crystal orien-
tation is such that the fs-pulsed laser beam is parallel to
the D1-axis. The resulting waveguides support only one
polarization mode, with the electric field oscillating par-
allel to theD2-axis, which is compatible with the memory
protocols, as it is the one that maximizes the interaction
between the Pr3+ ions and the light field resonant to their
3H4(0)→
1 D2(0) optical transition at 606 nm [39].
FIG. 1: (a) Microscope picture of the waveguide cross section.
The distance between the damage tracks is 25 µm. The red-
dashed ellipse indicates the e−2 contour of the guided mode.
Scale bar is 15 µm. (b) CCD-acquired near-field intensity
profile of the guided mode. Scale bar is 15 µm. (c),(d) Nor-
malized intensity profiles of the waveguide mode along the
x and y sections indicated in panel (b). The resulting full
widths at half maximum (FWHM) are ∆x = 11.3µm and
∆y = 8.6µm (green solid level). The measured e
−2 diameters
are τx = 18.5µm and τy = 15.8 µm (red dashed level).
Our laser source at 606 nm, a second harmonic gener-
ation laser (Toptica, DL-SHG-pro), is stabilized in fre-
quency by the Pound-Drever-Hall technique to a Fabry-
Perot cavity hosted in a home made vacuum chamber
[40]. Both the amplitude and the frequency are modu-
lated with a double pass acousto-optic modulator driven
3by an arbitrary waveform generator (Signadyne). We use
the same beam for both memory preparation and input
light pulses. After the modulating AOM, the beam is
steered to a separated optical table hosting the cryostat
(closed cycle cryocooler, Oxford Instruments) where the
waveguide sample is fixed and maintained at a temper-
ature of about 3K. The coupling of the light into the
waveguide is done by means of an external 75mm focal
length lens assembled in a translation stage. The final
e−2 diameter of the beam at the waveguide input facet
is 28.3µm. After the waveguide, the light is recollected
with a 100mm focal length lens and sent to a photode-
tector (or CCD camera) placed at a distance of about
180 cm from the collecting lens.
OPTICAL MEASUREMENTS
Figure 1(a) shows a microscope picture of the waveg-
uide cross section, in which the two damages are clearly
visible. The mode supported by the waveguide, when it
is coupled with 606 nm light polarized parallel to the
Y2SiO5 crystalline D2-axis, is reported in Fig. 1(b).
From the horizontal and vertical intensity profiles, shown
in panels (c) and (d), respectively, we estimate the full
widths at half maximum (FWHM) of the guided mode
to be ∆x = 11.3µm and ∆y = 8.6µm. The transmis-
sion of the light through the optical waveguide is about
ηT = 50%, which includes coupling mode mismatch and
waveguide propagation loss. Fresnel losses at the waveg-
uide input and output facets are quenched by a specific
anti-reflection coating. By rotating the polarization of
90 ◦ the spot almost disappears, which confirms that the
light is guided through the waveguide. As a matter of
fact, in a bulk crystal the polarization perpendicular to
the D2-axis would only weakly interact with the Pr
3+
ions, thus experiencing a higher transmission through the
sample.
To probe the coherence properties of the material after
the waveguide fabrication, we perform two-pulse photon
echo experiments and measure the optical coherence time
T2. The pulse sequence used is shown in Fig. 2(a). It
starts with an input pulse resonant with the 1/2g → 3/2e
transition between the ground 3H4(0) and excited
1D2(0)
manifold of Pr3+ (see level scheme in Fig. 4 (a)), which
creates a coherent superposition of atomic excitations. A
subsequent pi-pulse after a time τ is used to refocus the
dipoles associated to the collective excitation and induces
thus the so called photon-echo after a time 2τ . When the
time delay τ is increased, the amplitude of the echo is re-
duced due to the atomic decoherence. We thus estimate
the optical coherence time T2 from the decay of the echo
efficiency (Fig. 2(b)). We measure T2 in single class ab-
sorption features of different optical depths (OD) on the
1/2g → 3/2e transition [15] prepared by optical pumping
and by modulating the pulse power Pp. To ensure effi-
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FIG. 2: (a) Pulse sequence for the two-pulse photon echo ex-
periment. (b) Echo efficiency as a function of the time delay
2τ . The fitting of the experimental data to an exponential
decay is also shown (solid line). For this set of data an opti-
cal coherence time T2 = 49.9µs is extrapolated. (c) Optical
coherence times T2 measured in the waveguide (circles) and
in an equivalent bulk sample (squares) as a function of the
quantity
Pp×OD
tp
. The circled data point in panel (c) refers to
the decay shown in panel (b).
cient population transfer even when decreasing the pulse
power, the duration of the pulses tp is simultaneously in-
creased, thus reducing their spectral bandwidth. Figure
2(c) summarizes the T2 value obtained as a function of
the quantity
Pp×OD
tp
, which gives a measure of the excita-
tion intensity (full red circles). As expected, the less ions
are excited by the pulses, the longer coherence times are
obtained due to the suppression of instantaneous spectral
diffusion effects [41]. It is worth noting that the obtained
values agree with those, also reported in Fig. 2 (open
blue squares), measured when the laser beam is shifted
towards the center of the Pr3+:Y2SiO5 bulk, far from the
laser written waveguide, but maintaining the same focus-
ing conditions. This agreement demonstrates that the
micromachining procedure does not affect the coherence
properties of the material in the spatial mode where the
light is guided. We also verified that the inhomogeneous
broadening of the optical transition was preserved after
the waveguide fabrication. The FWHM of the transmis-
sion of the 3H4(0) →
1D2(0) optical transition of Pr
3+
was measured to be about 20GHz, compatible with that
measured in the same bulk sample.
The strength of the interaction between the light and
the active ions is associated to the Rabi frequency ΩR
of the optical transition, which we measure by means of
optical nutation [42]. We prepare a single class 2.5MHz
wide absorption feature at the frequency of the optical
transition to probe (1/2g → 3/2e between the ground
3H4(0) and excited
1D2(0) manifold). We then send long
square resonant pulses and measure the frequency of the
coherent oscillation of the atoms under the light field.
For inhomogeneously broadened transition and Gaussian
beam profiles, the power transmitted is expected to oscil-
late as J1(ΩRt)/ΩRt [42]. Fig. 3(a) reports an example,
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FIG. 3: (a) Intensity of a long light pulse, Pp ≈ 2mW,
transmitted by a single class absorption feature with optical
depth OD = 2.35. The Rabi frequency ΩWGR ≈ 2pi · 1.6MHz
is estimated from the rising time tpi (indicated in the figure
with vertical solid lines). (b) Rabi frequency as a function of
the pulse power as calculated from optical nutation measure-
ments performed on the waveguide (circles) and on the bulk
(squares). The circled data point in panel (b) refers to the
pulse reported in panel (a).
where the long pulse, of power Pp ≈ 2mW, is collected at
the photodiode after the transmission through the optical
waveguide (solid curve). The pulse exhibits a fast oscilla-
tion with frequency about 10.2MHz, i.e. the separation
between the 1/2g and 3/2g ground states. We attribute
the oscillation to beatings between the two transitions
1/2g − 3/2e and 3/2g − 3/2e which might be simultane-
ously excited by the pulse due to imperfect optical pump-
ing. The Rabi frequency is calculated in a trace corrected
by the fast oscillation (gray dashed curve in Fig. 3(a))
from the population inversion time, tpi indicated with the
dotted vertical lines, as ΩR · tpi = 5.1. The Rabi frequen-
cies measured for different input light powers coupled in
the waveguide are shown in Fig. 3(b) as a function of
the square root of the input power. For input powers
up to ≈ 2.6mW the Rabi frequency scales as the square
root of the power, as expected, but at higher powers the
slope changes as if a saturation occurred. This saturation
may be due to the fact that the Rabi frequency becomes
comparable to the absorption feature width. Further
measurements are necessary to confirm this hypothesis.
When moving the beam into the bulk (black squares), the
Rabi frequency increases linearly with the square root of
the power with a much lower slope than that observed in
the waveguide (the maximum being ΩbR ≈ 2pi ·690 kHz at
15mW). For input powers at which the behavior is lin-
ear, the waveguide features light-ion interaction strengths
higher than in the bulk by about a factor 6, due to the
efficient light confinement. This value agrees with that
theoretically obtained (≈ 5.7) by comparing the average
Rabi frequency of a beam propagating along the bulk (re-
fractive index n = 1.8) focused at the input facet with our
measured waist of 14µm and of a beam confined in the
waveguide with ηT = 50%. Note that this factor could
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FIG. 4: (a) Energy level scheme reporting the hyperfine sepa-
ration of the lowest electronic sublevels (0) of the 3H4 ground
and 1D2 excited manifolds of Pr
3+ in Y2SiO5. The Λ scheme
chosen for the storage is indicated by arrows. (b) Example of
an atomic frequency comb (AFC) prepared at the frequency
of the 1/2g → 3/2e transition.
be readily increased by optimizing the mode matching
and thus decreasing the insertion losses in the present
waveguide.
LIGHT STORAGE
Finally, we test our system as a storage device. The
chosen storage protocol is the atomic frequency comb
(AFC) [43]. It consists in tailoring a periodic structure,
with ∆ the periodicity, in a transparency window created
within the inhomogeneously broadened optical transition
3H4(0)→
1 D2(0) of Pr
3+. A light pulse absorbed by the
structure creates a collective optical excitation which, af-
ter an initial dephasing, rephases at a time τ = 1∆ , giv-
ing rise to a photon-echo like collective emission in the
forward mode. Before the emission of the AFC echo,
the collective optical excitation can be mapped into a
spin excitation (spin wave) by applying a strong transfer
pulse, thus effectively stopping the atomic dipole dephas-
ing. The necessary requirement for the spin wave storage
is to have a system with three ground states, one where
the AFC is prepared, one empty where the excitations
are transferred, and one to use as auxiliary state for the
AFC preparation. A second transfer pulse is applied to
retrieve the stored pulse. Details about the procedure to
create the AFC are provided in [15]. Fig. 4(a) shows the
relevant level scheme of the Pr3+ involved in the stor-
age with the arrows indicating the frequencies of the in-
put and transfer pulses. In the present experiment, the
ground states 1/2g, 3/2g, and 5/2g, are chosen as the
AFC preparation, the spin-wave storage, and the auxil-
iary state, respectively. An example of AFC structure
with periodicity ∆ = 400 kHz obtained by optical pump-
ing in the waveguide at the frequency of the 1/2g → 3/2e
transition is shown in Fig. 4(b).
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FIG. 5: Light storage experiments using the AFC protocol.
(a) Storage in excited state. Dash-dotted line: 345 ns long
input pulse transmitted through a transparency window (di-
vided by 10 for clarity), in absence of AFC, polarized parallel
to the Y2SiO5 crystalline D2-axis. Dotted line: input pulse
polarized perpendicular to the D2-axis. Solid lines: AFC
echoes for different AFC spacings ∆. (b) Spin-wave storage.
Black dash-dotted curve: similar as in (a) but 260 ns long
(divided by 20 for clarity). Red dashed line: AFC echo in ab-
sence of control pulse, at a storage time of τ = 2.5µs. The in-
ternal efficiency is ηAFC = 8.3%. The green plain pulses rep-
resent the control pulses, as detected before the sample by a
reference detector. The blue solid line is the output when con-
trol pulses are applied , with a time difference of TS = 3.6µs.
The AFC echo is partially suppressed and a spin-wave echo
appears 6.1µs after the input. The internal efficiency of the
spin-wave echo is 2 %. The technical noise due to the detec-
tor has been subtracted from the spin-wave storage trace. (c)
Normalized spin-wave echo intensities as a function of the
storage time TS . The experimental data (dots) are fitted
to a Gaussian decay to account for the inhomogeneous spin-
broadening, from which we obtain γinh = (23.6 ± 7.7) kHz.
The results of the AFC storage experiments performed
with the waveguide are shown in Fig. 5. In Fig. 5(a), a
Gaussian light pulse (FWHM = 345 ns) linearly polar-
ized parallel to theD2-axis of Y2SiO5 is first sent through
a transparency window, about 18MHz-wide, prepared
in the Pr3+ absorption line (black dash-dotted curves).
When the polarization is rotated by 90 ◦ (black dashed
curves), the light pulse at the output of the waveguide is
strongly suppressed (see panel (a)), as the waveguide ef-
ficiently supports only the polarization parallel to the D2
axis. The solid lines in Fig. 5(a) correspond to the AFC
echo for different AFC spacing ∆. The maximal internal
storage and retrieval efficiency ηAFC (calculated as the
ratio between the AFC echo and the input pulse trans-
mitted through a transparency window) achieved is 14.6
% for a storage time of 1.5µs. The efficiency decreases
when the storage time is increased, due to a reduction of
comb quality and finesse [40, 43]. The device efficiency
ηdAFC , defined as the AFC echo after the crystal divided
by the input pulse before the crystal, can be estimated
by multiplying ηAFC by the waveguide transmission (50
%) and by exp (-ODB), where ODB is the background
absorption in the transparency window, due to imperfect
optical pumping (in our case ODB = 1, see dashed line
in Fig. 4(b)). We emphasize that the waveguide and
background losses are not fundamental and can be sig-
nificantly reduced, by improving mode matching and by
using shorter waveguides and/or optimized optical pump-
ing techniques, respectively [16].
When a control pulse is applied before the rephasing
of the atomic excitations the AFC echo is partially sup-
pressed as the transfer to the spin state takes place (see
Fig. 5(b)). After a controllable time Ts, a second con-
trol pulse is applied and the spin-wave echo is retrieved
(solid blue curve). The control pulses have a Gaussian
waveform and are frequency chirped by 1.5MHz. To con-
firm that the input light field is stored as a spin-wave, we
measure its decay when increasing the spin storage time
Ts. Assuming a Gaussian decay, we extract an inho-
mogeneous spin-broadening of γinh = (23.6 ± 7.7) kHz,
compatible with those evaluated in different spin-storage
experiments in Pr3+:Y2SiO5 [12, 13, 15]. We observe an
echo up to a total storage time of ts = 1/∆+Ts = 15µs,
more than two orders of magnitude longer that previ-
ous AFC demonstrations (at the excited state) in waveg-
uides [10]. The maximal internal spin-wave efficiency is
ηSW = 2%. Similarly to the storage in the excited state,
waveguide and background loss have to be taken into
account for estimating the device efficiency. The trans-
fer efficiency of the control pulses is ηT = 50% for a
laser power Pp = 375µW. The transfer efficiency is es-
timated as ηSW = ηAFC × ηT
2
× ηC where ηC accounts
for the decoherence in the spin state and is evaluated
from ηT =
ηSW
ηSW (0)
, where ηSW (0) is the storage effi-
ciency at Ts = 0. It is worth noting that the AFC and
spin wave efficiencies achieved in the waveguide sample
are comparable to those obtained in similar experiments
performed with weak coherent states at the single pho-
ton level in a shorter (3mm) Pr3+:Y2SiO5 crystal [15],
but the required laser power of the control beam is more
than 50 times lower. The possibility to operate coher-
ent population transfer with significantly lower power is
a fundamental advantage as the noise given by the con-
trol pulses is the main limitation for the implementation
of many on-demand storage protocols at the single pho-
ton level. Moreover, the number of atoms addressed is
also decreased by the same factor, which will contribute
strongly to reduce the noise. Contrarily to the bulk case
[15], the integrated design does not offer the possibility to
spatially separate the control and echo modes (e.g. with
an angle), if both propagate in the waveguide. However,
a counter-propagating configuration could be adopted.
Our result is thus very promising for the ultimate goal
of extending the storage protocol to the quantum regime
[14, 15]. In addition, it is worth noting, that an im-
proved light-matter interaction in confined structures is
also beneficial in view of observing and exploiting non-
linear effects at the single photon level [44].
6CONCLUSIONS
In conclusion, we have demonstrated an optical mem-
ory based on laser written waveguides in a Pr3+:Y2SiO5
crystal. We showed that the waveguide fabrication does
not alter the coherence properties of the bulk crystal,
and that the light confinement in the crystal increases
the light-matter interaction (as measured by the Rabi
frequency) by a factor of 6 compared to a bulk crystal
with the same focusing. In addition, we reported a proof-
of-principle experiment of light storage using the AFC
protocol. We stored strong light pulses both in the ex-
cited and ground states of Pr ions. The latter represents
the first demonstration of an integrated on-demand spin-
wave memory. These results show that integrated optical
memories can be realized using laser written waveguides,
a versatile and widely used technique in integrated quan-
tum photonics. This opens new perspectives for the real-
ization of long-lived integrated spin-wave quantum mem-
ories.
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